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We studied receptor-binding properties of influenza virus isolates from birds and mammals using polymeric conjugates of
sialooligosaccharides terminated with common Neu5Aca2-3Galh fragment but differing by the structure of the inner part of carbohydrate
chain. Viruses isolated from distinct avian species differed by their recognition of the inner part of oligosaccharide receptor. Duck viruses
displayed high affinity for receptors having h1–3 rather than h1–4 linkage between Neu5Aca2-3Gal-disaccharide and penultimate N-
acetylhexosamine residue. Fucose and sulfate substituents at this residue had negative and low effect, respectively, on saccharide binding to
duck viruses. By contrast, gull viruses preferentially bound to receptors bearing fucose at N-acetylglucosamine residue, whereas chicken and
mammalian viruses demonstrated increased affinity for oligosaccharides that harbored sulfo group at position 6 of (h1–4)-linked GlcNAc.
These data suggest that although all avian influenza viruses preferentially bind to Neu5Aca2-3Gal-terminated receptors, the fine receptor
specificity of the viruses varies depending on the avian species. Further studies are required to determine whether observed host-dependent
differences in the receptor specificity of avian viruses can affect their ability to infect humans.
D 2005 Published by Elsevier Inc.
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Until recently, the receptor specificity of influenza
viruses has been mainly defined in terms of their
recognition of sialic acid species (Neu5Ac, Neu5Gc,
Neu4,5Ac2, etc.) and the type of glycosidic linkage
between sialic acid and penultimate galactose (a2–3 or
a2–6). In contrast to type A and B influenza viruses,
which bind to Neu5Ac/Gc, influenza C virus binds to 9-0042-6822/$ - see front matter D 2005 Published by Elsevier Inc.
doi:10.1016/j.virol.2005.02.003
* Corresponding author. Fax: +7 95 330 55 92.
E-mail address: bovin@carb.ibch.ru (N. Bovin).O-acetylated sialic acid (Herrler et al., 1985). Human
influenza B viruses and H1 subtype influenza A viruses
do not bind 4-O-acetylated sialic acid (Neu4,5Ac2),
whereas 4-O-acetylation does not affect binding of H2
and H3 subtype viruses (Matrosovich et al., 1992).
Equine H3N8 viruses, in contrast to closely related duck
viruses, lost the ability to bind to Neu4,5Ac2 (Matroso-
vich et al., 1998). The ability to recognize N-glycolyl form
of sialic acid (Neu5Gc) was reported for a number of H3
subtype viruses from humans, ducks, pigs and horses raising
a hypothesis that this ability is adaptive (Ito et al., 2000;
Masuda et al., 1999; Matrosovich et al., 1997; Suzuki et al.,
1997).05) 276–283
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carbohydrate chain can modulate the binding affinity of
human viruses. Indeed, modern non-egg-adapted human
H1N1 and H3N2 influenza A and influenza B viruses bound
Neu5Aca2-6Galh1-4GlcNAc (6VSLN) significantly stron-
ger than Neu5Aca2-6Galh1-4Glc (6VSL) (Gambaryan et al.,
1997, 1999; Mochalova et al., 2003).
Avian influenza viruses were generally considered as a
uniform group in terms of their Neu5Aca2-3Gal receptor
specificity (Paulson, 1985). It was shown that receptor-
binding site (RBS) of avian virus HA is evolutionally very
stable, and that it undergoes changes after virus transmission
and adaptation to humans. These changes can be structurally
different for hemagglutinins of different subtypes, but they
always lead to the same functional result enabling HA
binding to receptors with terminal trisaccharide 6VSLN
(Matrosovich et al., 1997, 2000).
The alteration of receptor-binding phenotype of avian
viruses in humans correlates with the notion that a2–6
sialylgalactose motif is predominantly expressed on epithe-
lial cells of human respiratory epithelium, whereas a2–3-
linked sialic acid is mainly expressed on human mucins
(Couceiro et al., 1993). The differences in receptor
specificity of avian and human influenza viruses raised a
hypothesis that avian viruses cannot infect humans (Ito et
al., 1998). Indeed, very high doses of virus were found to be
required for the replication of avian influenza viruses in
volunteers (Beare and Webster, 1991). It was suggested that
avian viruses can transmit to humans only via an inter-
mediate animal host, most likely, pig (Scholtissek, 1994).
This hypothesis is supported by the finding of both 3-linked
and 6-linked sialic acids in pig tracheal epithelium (Ito et al.,
1998). Furthermore, influenza viruses that circulate in pigs
display increased affinity for Neu5Aca2-6Galh1-4GlcNAc
receptors, resembling by this property human viruses (Ito et
al., 1998; Matrosovich et al., 2000; Rogers and D’Souza,
1989).
The human infections caused by H5N1 chicken viruses
in Hong Kong in 1997 (Claas et al., 1998; Subbarao et al.,
1998) demonstrated for the first time that avian viruses can
infect humans directly without intermediate evolution in
pigs. The ability of H5 viruses to replicate in humans
despite their avian virus-like receptor specificity (Matroso-
vich et al., 1999) may be explained by the finding that
human airway epithelium harbors (2–3)-linked sialic acids
on ciliated cells (Matrosovich et al., 2004).
More recently, avian H9N2 viruses were isolated from
humans (Guo et al., 1999; Peiris et al., 1999), numerous
cases of conjunctivitis caused by chicken virus H7N7 were
documented in the Netherlands (Fouchier et al., 2004), and
new human infections with H5N1 avian viruses took place
in South-Eastern Asia (Peiris et al., 2004). It is important
that all human infections were caused by viruses of
terrestrial poultry rather than by feral bird’s viruses.
The principal natural reservoir of influenza viruses are
wild aquatic birds. All viruses in other species originatefrom this reservoir, with all mammalian and chicken
evolution branches usually being dead ends (Webster et
al., 1992). For example, duck viruses transmitted to poultry
evolve as rapidly as in mammals indicative of their adaptive
evolution in terrestrial birds (Suarez, 2000). Moreover, it
seems that even wild aquatic birds are not uniform as
influenza virus hosts. Thus, subtype H13 is a typical dead
end branch adapted to gulls (Chambers et al., 1989).
Acceleration of virus evolution was noted also during
transmission and adaptation of Asian duck H2 viruses to
gulls and shorebirds in North America (Makarova et al.,
1999). As a rule, virus introduction into a new host is
accompanied by a change of receptor-binding phenotype.
For example, surface glycoproteins of chicken and turkey
viruses differ from glycoproteins of related duck viruses by
the presence of additional glycosylation sites near the RBS
of the HA, deletions in the stem region and accumulation of
mutations in the neuraminidase (Banks et al., 2001;
Matrosovich et al., 1999, 2001). These alterations in both
the HA and the NA of chicken viruses likely indicate that
sialic acid-containing receptors utilized by the virus in
chickens differ from its receptors in ducks. Indeed, we have
shown recently that H5N1 chicken and human viruses
isolated in 1997 in Hong Kong differed from H5 duck
viruses by extraordinary high affinity to sulfated trisacchar-
ide Neu5Aca2-3Galh1-4(6-HSO3)GlcNAch (Gambaryan et
al., 2003, 2004). Moreover, one of the H9N2 virus lineages
in terrestrial poultry acquired receptor specificity, which is
similar to receptor specificity of human influenza viruses
(Matrosovich et al., 2001). Comparison of influenza viruses
from ducks and gulls also revealed differences in their
receptor specificity. For gull viruses, the role of galactose
moiety in binding the receptor is less significant, the affinity
for the different sialooligosaccharides is more uniform and
the fucose-substitution at the position 3 of glucosamine does
not interfere with the binding (Yamnikova et al., 2003).
In this study, we wished to characterize receptor
specificity of influenza viruses from different hosts in more
detail. To this end, we tested virus binding to a wide range
of oligosaccharides containing terminal Neu5Aca2-3Gal
moiety but differing by the composition of more distant
(inner) part of the carbohydrate chain.Results and discussion
To characterize fine receptor-binding specificity of avian
and mammalian influenza viruses, we tested their binding to
17 distinct oligosaccharides conjugated with polyacrylamide
(OS-PAA, see Table 1 for structural formula and abbrevia-
tions). Eleven oligosaccharides shared the same terminal
Neu5Aca2-3Gal moiety but differed either by the bond type
between galactose and the penultimate sugar residue (h1–3
or h1–4), or the nature of this residue (Glch, GlcNAch,
GalNAca), or by substituent at this residue (fucose, sulfo
group or sialic acid). All studied oligosaccharides with the
Table 1
Structures of oligosaccharides attached to polyacrylamide
Saccharide Abbreviation
Neu5Aca2-3Galh 3-SiaGal
Neu5Aca2-3GalNAca 3-SiaGalNAca
Neu5Gca2-3Galh1-4GlcNAch 3V(Neu5Gc)LN
Neu5Aca2-3Galh1-4Glch 3VSL
Neu5Aca2-3Galh1-4GlcNAch 3VSLN
Neu5Aca2-3Galh1-4-(6-O-Su)GlcNAch 6-O-Su-3VSLN
Neu5Aca2-3Galh1-3GlcNAch SiaLec
Neu5Aca2-3Galh1-3-(6-O-Su)GlcNAch 6-O-Su-SiaLec
Neu5Aca2-3Galh1-3GalNAca SiaTF
Neu5Aca2-3Galh1-3-(6-O-Su)GalNAca 6-O-Su-SiaTF
Neu5Aca2-3Galh1-3(Neu5Aca2-6)GalNAca 3V,6-Sia2TF
Neu5Aca2-3Galh1-4(Fuca1-3)GlcNAch SiaLex
Neu5Aca2-3Galh1-4(Fuca1-3)(6-O-Su)GlcNAch 6-O-Su-SiaLex
Neu5Gca Neu5Gc
(Neu5Aca2-)2-3,6-GalNAca 3,6-Sia2GalNAca
Neu5Aca2-8Neu5Aca2-8Neu5Aca Sia3
3V-O-Su-Galh1-3GlcNAch 3V-O-Su-Lec
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been found in glycoproteins or glycolipids of mammalians
(Varki et al., 1999). The virus binding to OS-PAA was
determined in a competitive solid-phase assay, and
expressed in terms of binding affinity constants (Table 2).
To explain the differences in binding affinity in molecular
terms, we modeled putative disposition of oligosaccharides
in the receptor-binding site of the avian H5 HA (Ha et al.,
2001) (Fig. 1).
Recognition of oligosaccharides with modified
Neu5Aca2-3Gal motif
Four OS-PAA, that lacked terminal Neu5Aca2-3Gal (3V-
O-Su-Lec, Neu5Gc, Sia3 and 3,6-Sia2GalNAca) did not
bind to any of the viruses tested (data not shown). This
result is consistent with the current concept that disaccharide
Neu5Aca2-3Gal represents the minimal receptor determi-
nant recognized by avian influenza viruses (Ha et al., 2001;
Matrosovich et al., 1997).
3-SiaGalNAca differs from 3-SiaGalh by the presence of
acetamido group at C-2 of Gal and by the a instead of h
configuration of the spacer group. All tested H1, H2, H4,
H7, H11, H12 and H13 viruses bound to 3-SiaGalNAca
much weaker than they bound to 3-SiaGalh (Table 2). It
should be noted that some of the H5 duck viruses displayed
only marginal differences in their affinity for these two
OS-PAAs.
3VSLN and 3V(Neu5Gc)LN represent oligosaccharide
structures harboring two major natural sialic acid species,
Neu5Ac and Neu5Gc, respectively. All avian and mamma-
lian viruses with H3 and H7 HAs bound to these OS-PAAs
with similar affinity. This finding agrees with the previous
reports on Neu5Gc potentially playing an important role in
the receptor recognition by H3 subtype duck and equine
viruses (Ito et al., 2000; Suzuki et al., 2000). The viruses of
other subtypes (H2, H4, H5, H6, H9, H11, H12 and H14)bound to 3V(Neu5Gc)LN weakly if at all. These data suggest
that binding to Neu5Gc is not essential for the replication of
the majority of avian virus subtypes.
Recognition of the Neu5Aca2-3Gal motif in a context of the
penultimate saccharide residue
The effect of fragments penultimate to the terminal
Neu5Aca2-3Gal on the binding was assessed by comparing
virus affinity for 3-SiaGal, 3VSL, 3VSLN, SiaLec and SiaTF.
Most of the viruses bound with similar affinity to 3VSL,
3VSLN, and to 3-SiaGal that lacks third sugar moiety. Thus,
Glc or GlcNAc residues linked to preceding 3-SiaGal
moiety via h1–4-bond, either do not substantially contribute
to the binding, or slightly interfere with it. In SiaLec and
SiaTF, the terminal Neu5Aca2-3Gal moiety is connected to
penultimate GlcNAc or GalNAc, respectively, via h1–3-
bond. All viruses have similar affinity for corresponding
OS-PAA, suggesting that configuration of C-4 of the third
saccharide residue is not critical for the recognition and that
the spacer orientation at the third saccharide unit (h in
SiaLec, a in SiaTF) does not affect the binding affinity.
Duck viruses as a rule displayed a higher affinity for
SiaTF than for 3VSLN, indicating that these viruses are
adapted to preferential recognition of sialosaccharides with
1–3 bond between galactose and the penultimate carbohy-
drate residue. On the contrary, chicken viruses bind 3VSLN
better than SiaTF, suggesting that they are adapted to
receptors with 1–4 bond between galactose and penultimate
sugar. The relative affinity of gull viruses for these
glycoconjugates varied with the virus subtype. H13 subtype
gull viruses were likely transmitted from duck to gulls a long
time ago and underwent significant adaptation to this species
(Chambers et al., 1989). These viruses, in contrast to duck
viruses, bound to 3VSLN stronger than to SiaTF. H4 and H14
gull viruses are more closely related to duck viruses of
corresponding subtypes. Accordingly, the viruses of these
recently emerged gull lineages, similar to duck viruses,
displayed a higher affinity for SiaTF than for 3VSLN.
Role of substituents at the penultimate carbohydrate residue
Additional substituents at the third carbohydrate unit of
sialosaccharide produced variable effects on binding (from
negative to positive) depending on the position of the
substituent and on the virus strain. Most viruses displayed
decreased affinity for 3V,6-Sia2TF, the tetrasaccharide with
Neu5Ac substituent at position 6 of N-acetylgalactosamine.
This effect seems to be due to inability of 6-linked sialic
acid to bind to the avian RBS and by its concomitant steric
interference with the binding of Neu5Aca2-3Gal fragment.
Sulfo-substituent
A strong host-specific differences were observed
between viruses with respect to their binding to four
oligosaccharides with sulfo group at position 6 of N-
Table 2
Binding affinity (Kass, mM
1) of virus with sialoglycoconjugates OS-PAA
Influenza viruses from different hosts Saccharidesa
3-SiaGal 3-SiaGalNAca 3V(Neu5Gc)LN 3VSLNb 6-O-Su-3VSLN SiaLec 6-O-Su-SiaLec SiaTF 6-O-Su-SiaTF SiaLex 6-O-Su-SiaLex 3V,6-Sia2TF
Duck viruses
Dk/France/46/82 H1N1 200 b5 b5 100 100 200 200 200 200 20 20 100
Pintail/Primorie/695/76 H2N3 50 5 b10 100 100 100 100 500 500 100 200 10
Dk/Buryatia/652/88 H3N8 200 15 100 100 100 200 200 400 400 20 20 100
Dk/Buryatiya/664/88 H3N8 300 10 100 100 – 300 – 500 500 20 – 500
Dk/Buryatiya331/78 H4N6 100 b5 b5 50 – 50 – 100 – 5 – –
Dk/Kyrgizstan/1047/87 H4N6 70 b5 b5 50 50 50 50 100 100 7 10 20
Dk/Buryatiya/1905/00 H4N6 100 b5 b5 50 50 100 100 150 150 10 10 20
Dk/Primorie/2483/01 H4N6 100 b5 b5 100 – 200 200 500 – 10 – –
Dk/Astrakhan/3091/02 H4N8 100 b5 b5 100 – 200 200 400 – 10 – –
Dk/Pennsylvania/10218/84 H5N2 100 100 b5 100 100 100 100 200 200 20 40 100
Dk/HoChiMinh/014/78 H5N3 200 200 b5 100 100 100 100 200 200 20 50 10
Dk/MN/1525/81 H5N1 200 50 b5 100 100 100 100 100 100 10 20 200
Dk/Primorie/2634/01 H5 200 10 b5 100 100 – 200 100 25 – 20
Dk/Primorie/2632/01 H5 100 100 b5 100 200 100 – 200 200 30 – 100
Dk/Primorie/2635/01 H5 200 100 b5 100 100 100 – 200 100 25 – 20
Dk/Primorie/3/82 H9N2 150 50 b10 100 150 150 200 200 300 10 40 200
Dk/Primorie/3628/02 H9N2 – 20 b10 50 100 50 50 50 – b10 – –
Dk/England/56 H11N6 50 b5 b10 50 50 – – – – – – –
Dk/Alberta/60/76 H12N5 200 b5 b10 50 – – – – – – – –
Mallard/Gurjev/244/82 H14N6 400 b50 b10 200 200 200 200 300 300 200 – 100
Gull viruses
Tern/Buryatiya/1901/00 H4N6 200 b5 b5 200 500 200 400 400 800 200 – 300
Gull/Buryatiya/2407/01 H4N6 200 b5 b5 100 300 100 200 300 400 100 – 200
Gull/Astrakhan/3528/02 H4N8 200 b5 b5 150 – 50 50 200 – 150 – –
Tern/South Africa/61 H5N1 25 25 b5 25 40 25 – 25 – 25 – 10
Gull/Astrakhan/165/86 H6N5 50 – b10 50 – 50 – 30 – 100 – –
Gull/Astrakhan/1421/74 H13N6 15 b5 b5 25 20 20 20 10 10 100 100 10
Gull/Astrakhan/227/82 H13N6 50 b5 b5 100 100 50 50 30 30 100 100 10
Gull/Astrakhan/1808/98 H13N6 30 b5 b5 50 50 30 – 20 – 50 – 10
Gull/Astrakhan//267/82 H14N5 200 40 – 200 – 200 – 400 – 200 – –
Chicken viruses
Chicken/HK/220/97 H5N1 400 b5 b5 400 4000 100 500 300 1000 15 50 300
Chicken/HK/728/97 H5N1 500 30 b5 300 3000 100 500 200 500 10 50 100
Chicken/HK/786/97 H5N1 1000 10 b5 1000 10,000 300 1000 500 1000 10 500 –
FPV/Rostok/34 H7N1 500 b5 100 300 600 100 100 100 200 500 3000 20
H5N1 human isolate
HK/481/97 H5N1 500 – – 500 5000 100 500 200 500 10 50 –
Mammalian viruses
Swine/Iowa/31 H1N1 – – b5 50 20 30 50 – – 50 200 –
Swine/Finistere/82 H1N1 – – b5 100 100 100 100 – – 50 500 –
Swine/Kazakhstan/48/82 H3N6 – – 100 100 300 100 100 – – 20 300 –
Equine/Miamy/1/63 H3N8 – b10 100 300 2000 100 500 100 500 50 500 –
Seal/Massachusetts/1/80 H7N7 – b10 200 200 200 50 50 50 – 200 800 –
–, Not tested.
The data were averaged from 3 sets of experiments. Standard errors did not exceed 50% of the mean values.
a Data for 3V-O-Su-Lec, Neu5Gca, 3,6-Sia2GalNAca, Sia3 are not shown, see Results and discussion.
b None of the viruses displayed statistically significant difference in its affinity for 3VSLN and 3VSL, therefore, data for 3VSL omitted.
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Fig. 1. Putative disposition of fucose and 6-O-sulfo substituents of
sialosaccharide in the receptor-binding site of H5 influenza virus. The
receptor was fitted into the RBS of H5 HA complexed with LSTa (1JSN,
Brookhaven Protein Databank) by superimposing sialic acid residue of the
different analogs over the sialic acid residue of LSTa. The molecular model
of 6-O-Su-SiaLec (top panel) was build based on LSTa (1JSN). The
molecular model of 6-O-Su-SiaLex (bottom panel) was build based on
SiaLex (2KMB structure, Brookhaven Protein Databank). The major part
of the oligosaccharide is shown as blue stick model with the fucose and
sulfo-group depicted in spacefill mode; fucose is colored brown. Lys193
and Lys222 of the HA are represented in spacefill mode. The modeling
was performed and figures were generated using Discovery Studio
ViewerPro5.0 (Accelrys Inc.) software.
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SiaLec and 6-O-Su-SiaLex. Presence of sulfate typically did
not affect the binding of gull and duck viruses. However, in
the case of chicken, swine, equine and seal viruses sulfate at
this position increased the binding affinity. In particular, the
affinity of chicken H5 viruses and equine H3 virus for 6-O-
Su-3VSLN was drastically increased comparing to 3VSLN.
H7 viruses from chicken and seal, as well as all swine
viruses displayed an enhanced affinity for 6-O-Su-SiaLex,
which is the analog of 6-O-Su-3VSLN with additional
fucose. In the model of putative disposition of sulfo analogs
in the RBS of H5 virus (Fig. 1), the sulfo group of 6-O-Su-
SiaLex is located closely to positively charged Lys193,
whereas in case of 6-O-Su-SiaLec, it is directed towards the
solution. Our data suggest that RBS of chicken virusessupports the energetically favorable interaction between 193
amino acid and negatively charged sulfo group of 6-O-Su-
SiaLex and 6-O-Su-3VSLN.
Fuco-substituent
Most duck viruses bound SiaLex from 5 to 20 times
weaker than 3VSLN. In contrast, all tested gull viruses of
H4, H5, H6, H13 and H14 subtypes demonstrated affinity
for SiaLex not lower than that for 3VSLN. On the model of
HA-SiaLex complex (Fig. 1), fucose moiety located
relatively close to the amino acid 222, consequently fine
changes in the HA structure in this region could lead to
either favorable interactions or steric interference. A
comparative analysis of six sequenced HA H13 viruses
and other subtype viruses showed presence of substantial
differences in the composition of amino acids of the region
of 210–230 loop in H13 viruses. In position 222, in all
viruses isolated from ducks, there is a bulky amino acid,
whereas in HA H13 it is substituted by Gly. The H6N5
virus Gull/Astrakhan/165/86 also has small amino acid Ala
at 222 position. H4 duck viruses display maximal affinity
for SiaTF and decreased affinity for fucosylated sialosac-
charides. At the same time, H4 gull viruses isolated in
2000–2002 have high affinity for SiaLex. The H4N6 virus
Tern/Buryatiya/1901/00 revealed replacement 205SerYPro
in comparison to H4N6 duck viruses. Ser205 is located
between constant for all subtypes Arg220 and Pro221 of the
adjacent monomer of a hemagglutinin, hence replacement
SerYPro can shift the 222 amino acid. High affinity of all
gull viruses and low affinity of all duck viruses for SiaLex
strongly suggest that duck virus HA adapts to recognize the
fucosylated receptor after the virus transmission to and
circulation in gulls.
Our data demonstrate clear distinctions in the receptor
specificity of influenza viruses from ducks, gulls, and
terrestrial poultry (Fig. 2). Although all avian viruses
recognize the same terminal Neu5Aca2-3Gal motif, viruses
of distinct bird species evolve to additional recognition of
more distant parts of the oligosaccharide receptor. Thus,
duck viruses preferentially bind to sialosaccharides with 1–3
bond between Neu5Aca2-3Gal and penultimate carbohy-
drate residue; most of these viruses have maximal affinity
for Neu5Aca2-3Galh1-3GalNAca. We have demonstrated
earlier that duck viruses bind strongly to ganglioside GD1a
which carries the same trisaccharide moiety as well as
to structurally not yet defined gangliosides from duck
intestine (Gambaryan et al., 2002a, 2002b; Matrosovich et
al., 1997). One can speculate that gangliosides with terminal
Neu5Aca2-3Galh1-3GalNAc moieties serve as functional
receptors of influenza viruses in duck intestinal tissues.
Receptor specificity of chicken viruses differed from that
of related duck viruses. Most duck H5 viruses bound to 3-
SiaGalNAca almost as well as to 3-SiaGal. Chicken H5N1
viruses isolated in Hong Kong in 1997 have markedly
decreased affinity to 3-SiaGalNAca, a finding suggesting
the different position of galactose in RBS of duck and
Fig. 2. Optimal receptor determinant for duck, gull, H5N1 and H7N1
chicken viruses.
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sialosaccharide showed marginal or no effect on the binding
affinity of duck viruses, while dramatically increased
affinity of chicken H5 viruses. Strong binding to 6-O-Su-
3VSLN was also observed for H5 viruses isolated from
humans (Gambaryan et al., 2004).
Chicken virus A/FPV/Rostok/34 (H7N1) also possesses
high affinity for sulfated sialosugar, namely 6-O-Su-SiaLex.
This oligosaccharide is known to be the ligand of l-selectin.
The mammalian viruses tested here also appear to evolve
to recognize sulfated receptors. Each of the three swine
viruses tested belongs to an independent HA phylogenetic
lineage (H1 classical swine, H1 avian-like and H3 avian-
like), and either virus demonstrated increased affinity for 6-
O-Su-SiaLex. Seal H7 virus also displayed increased affinity
for this receptor. The single equine virus isolate tested
resembled H5 chicken viruses by its enhanced binding to 6-
O-Su-3VSLN.
Thus, mammalian viruses display binding to same
oligosaccharides as do chicken viruses. Apparently, sulfated
and (or) fucosylated sialoglycans are present in the target
tissues of both mammals and chickens. This means that
chicken and gull viruses may have a higher affinity than
duck viruses have for receptors in epithelial respiratory
tissues of mammals. It remains to be determined whether
this hypothesis is correct and whether chicken or gull
viruses may, therefore, serve as an intermediate host
facilitating transmission of duck viruses to mammals.Materials and methods
Materials
Oligosaccharides conjugated with polyacrylamide (OS-
PAA) were synthesized from spacered sialooligosacchar-
ides-N-aminoglycosides (spacer = -OCH2CH2CH2NH2,
-OCH2CH2NH2, or -NHCOCH2NH2) and poly(4-nitrophe-nylacrylate) having m.w. 30 kDa by the method described in
(Bovin et al., 1993: Gordeeva et al., 2000). Spacered oligo-
saccharides were either synthesized as described earlier
(Ovchinnikova et al., 2002; Pazynina et al., 2003; Tuzikov
et al., 2000), or obtained from the Consortium for Functional
Glycomics (http://www.functionalglycomics.org).
Viruses
Influenza A viruses were from the virus repositories of
St. Jude Children’s Research Hospital (H5N1 viruses) and
D.I. Ivanovsky Institute of Virology, Moscow. Viruses were
grown in 9-day-old embryonated chicken eggs. The highly
pathogenic H5N1 viruses were inactivated by treatment
with h-propiolactone. The allantoic and culture fluids were
clarified by low-speed centrifugation; the viruses were
pelleted by high-speed centrifugation, resuspended in 0.1 M
NaCl/0.02 M Tris buffer (pH 7.2) containing 50% glycerol,
and stored at 20 8C.
Virus binding to polymeric sialoglycoconjugates
Receptor specificity of influenza viruses was evaluated
in a competitive assay based on the inhibition of the
binding of solid-phase immobilized virus with bovine
fetuin labeled with horseradish peroxidase (Gambaryan and
Matrosovich, 1992). The data were expressed in terms of
binding constants (Kass) formally equivalent to the
association constants of virus-oligosaccharide complexes.
For the calculation of the Kass, concentration of the sialic
acid residues was used. Each set of experiments presented
in the table was repeated three to four times with si-
milar results. Data were averaged from the same set of
experiments.
Molecular models
Atomic coordinates of H5 HA complex with LSTa
(1JSN, Ha et al., 2001) and of SiaLex (2KMB, Ng and
Weis, 1997) were obtained from Protein Data Bank. The
molecular models were generated with DS ViewerPro 5.0
software (Accelrys Inc.).Acknowledgments
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